Enzymatic hydrolysis by cellulase has potential as an environment-friendly technology for producing bioethanol from lignocelluloses, but its production cost remains expensive. Therefore, several studies have examined methods in reducing the cost of enzymatic hydrolysis, and one of the most effective ways is to reuse enzymes. In this study, we developed a method for evaluating the cellulase activity in enzymatic hydrolysis residues for efficient enzyme reuse. Approximately 70% the of cellulase activity remained in the solid residue after 70% of the glucan was hydrolyzed, and 22% of cellulase activity still remained in the solid residue after 99% of glucan was hydrolyzed.
Introduction
Recently bioethanol production from lignocellulosic biomass has been developed all over the world. Enzymatic hydrolysis by cellulase has attracted considerable attention because of its potential as an environment-friendly technology for producing bioethanol from lignocelluloses, but production cost of cellulase remains expensive. Therefore, several studies have examined methods in reducing the cost of enzymatic hydrolysis, such as improvement of productivity of enzymes, production of enzymes with high activity, optimum combination of several different enzymes.
One of the most effective ways is to reuse enzymes.
There are two approaches that have been studied; one is to recover enzymes in the liquid phase and the other is to reuse enzymes in the hydrolysis residue 1) ～ 12)
. Ramos et al. 3) reported that reusing enzymes only from the filtrate after the removal of unhydrolyzed residues was insufficient and that adding the unhydrolyzed residue improved the hydrolysis yield at the recycle round. Gregg and Saddler 5) reported that most of the added cellulase was adsorbed on the residual substrate after most of cellulosic substrate has been hydrolyzed. Nonaka et al. 10) reported cellulase bound to lignin is working as immobilized cellulase. These results indicate that recovery of enzymes from the solid residue is necessary for efficient enzyme recycling, and thus it is important to evaluate the activity of the enzymes remaining in the solid residue of enzymatic hydrolysis.
Enzyme activity in the liquid phase such as filter paper unit (FPU), activity on carboxymethylcellulose (CMCase), and β-glucosidase activity, has been evaluated by several studies 1) ～ 6) 13) . Protein in the liquid phase has also been measured in other reports 1) ～ 6) 13) . In the solid residue, however, enzymes are adsorbed onto the substrate and are difficult to completely isolate, thus it is not easy to estimate the activity using the same method as that for the liquid phase. however, this method cannot be easily used for hydrolysis residues at high substrate concentrations because their method needs the whole hydrolysis residues to evaluate the recovered cellulase activity. In this study we proposed a method for evaluating the reusable cellulase activity in the residue of enzymatic hydrolysis and measured the cellulase activity by the method. Then we carried out two other hydrolysis experiments in order to examine the reusable cellulase activity measured by the proposed method. In the end repeated enzymatic hydrolysis at high substrate concentration with reuse of enzyme remaining in the solid residue of enzymatic hydrolysis was performed to examine the application of our proposed method for practical reuse of enzymes remaining in solid residue of enzymatic hydrolysis.
Materials and methods

Substrate
Oxygen delignified kraft pulp (OKP) produced from soft wood was used for the preparation of the hydrolysis residue. Never-dried OKP was kindly supplied by Oji Paper
Co., Ltd., Japan. The pulp was stored at 4 °C in a refrigerator and washed with pure water three times before hydrolysis.
Gerber et al. reported that fiber history has a large influence on enzyme adsorption and that cellobiohydrolase I (CBH I) adsorption onto never-dried fiber was two to three times higher than that onto once-dried fiber 14) . The pulp sample was thus kept wet. The water content was measured using a Moisute Analyzer MX-50 (A&D Co., Ltd., Tokyo, Japan). The composition was determined to be 78.0% Cellulase activity remaining in the OKP hydrolyzed residue was evaluated as follows. Cellulase activity in 0.1 g of the solid residue was estimated using the standard curve and then total cellulase activity in the solid residue was calculated. The total cellulase activity was defined as reusable cellulase activity. The recovery rate was defined as the ratio of reusable cellulase activity remaining in the solid residue to initial cellulase activity. For estimation of cellulase activity, hydrolysis using the same concentration was performed with different cellulase loadings (0, 2.5, 5, 7.5 10, and 12.5 FPU/g-glucan).
Evaluation of possibility of cellulase reuse from OKP hydrolyzed residue
Another hydrolysis experiment was carried out in order to evaluate the possibility of cellulase reuse from solid residue after hydrolysis. Hydrolysis residue was prepared using the same conditions as described in subsection 2.2. The concentration of the substrate was 40 g-glucan/L and the total liquid volume was 60 mL.
The reaction time was set 24 h. The hydrolysis for preparation of the residue was defined as the first round.
The second round of hydrolysis was performed as follows.
Fresh pulp substrate that contained the same amount of glucan as hydrolyzed in the first round of hydrolysis, fresh cellulase that had the same activity as lost in the first round and the whole prepared residue after washing were mixed in 50 mM acetate buffer at a final glucan concentration of 40 g/L and the total liquid volume of 60 mL. The reaction mixture was incubated at 45 °C for 24 h. The cellulase activity lost in the first round of hydrolysis was calculated from the result of the evaluation of the cellulase activity in the residue as previously described. After enzymatic hydrolysis, the hydrolysate was hydrolyzed with 4% H2SO4 at 121 °C for 1 h and the glucose concentration was measured. OKPadd (g) = 16.0 (g) × glucan hydrolysis rate in the first round (1) Cadd (FPU) = 160 (FPU) × (100 -recovery rate) / 100 (2) Hadd (mg) = 160 (mg) × (100 -recovery rate) / 100
Note that the amount of OKP, cellulose, and cellulosin GM5 used in the first round of hydrolysis were 16.0, 160, and 160 g, respectively. After each recycle round of hydrolysis for 96 h, the solid residue and hydrolysate were also separated by centrifugation and the hydrolysate was hydrolyzed with 4% H2SO4 at 121 °C for 1 hour. Then the glucose concentration of the hydrolysate after acid hydrolysis was measured.
Sugar analysis
Glucose concentration in hydrolysate was measured by the mutarotase-GOD method using a Glucose CIItest kit (Wako Pure Chemical Industries, Ltd., Japan). The composition of OKP, glucose, xylose, and mannose were determined using a high-performance liquid chromatography system (Jasco Co., Tokyo, Japan) equipped with a refractive index detector (RI-2031 Plus, Jasco Co.), an Aminex HPX-87P column (7.8 mm ID × 30 cm, Bio Rad, Hercules, USA), and a Carbo-P micro-guard cartridge (Bio Rad, Hercules, USA). The column oven was set at 80 °C. Samples were eluted at 1 mL/min with water. Glucose, xylose and mannose in the hydrolysate of repeated hydrolysis were also analyzed using this HPLC system.
Results and Discussion
Preparation of OKP hydrolyzed residues for evaluation of cellulase activity
Five OKP hydrolyzed residues were prepared by stopping the hydrolysis reaction at different time points.
The wet weight of the solid residue was measured in case drying should damage enzymes in the residue. Thus each residue had a different water content. The glucan hydrolysis rate and the wet weight of these five residues are presented in Table 1 .
Evaluation of reusable cellulase activity remaining in the OKP hydrolyzed residues
Glucose concentration of the hydrolysis of 0.1 g OKP hydrolyzed residue without Avicel was almost stable in each sample after 24 h, indicating that glucose produced after 24 h was derived exclusively from the cellulose in Avicel. Thus, the glucose production rate with Avicel between 24 and 48 h was used to evaluate the cellulase activity.
The standard curve of cellulase loading versus glucose production rate between 24 and 48 h is shown in Fig. 2 and expressed by Equation (1). Cellulase activity in 0.1 g of the OKP hydrolyzed residue was estimated using the standard curve and then cellulase activity in the total OKP hydrolyzed residue was calculated. Fig. 1 Flow of repeated enzymatic hydrolysis at high substrate concentration with reuse of enzyme remained in the solid residue after hydrolysis Table 1 Evaluation of cellulase activity remaining in OKP hydrolyzed residues. Recovery rate is defined as the ratio of cellulase activity remaining in OKP hydrolyzed residues to the initial cellulase activity using in hydrolysis of the OKP .
According to their findings, the enzymes adsorbed on lignin maintained their enzymatic activities. Thus some of the enzymes adsorbed on lignin worked as immobilized cellulase and hydrolyzed cellulose substrates.
Hydrolysis with cellulase remaining in the OKP hydrolyzed residue
The glucan hydrolysis rate after 18 h and 24 h of hydrolysis was 66% and 72%, respectively. Fig. 4 shows the result of hydrolysis with cellulase in the OKP hydrolyzed residue. The time course of the hydrolysis using the 18-h hydrolysis residue is located between the curves of 7.5 FPU/ g-glucan and 10 FPU/g-glucan. Therefore, the reusable cellulase activity was estimated to be about 70% of the initial cellulase activity of 12.5 FPU/g-glucan. The time course of the hydrolysis using the 24-h hydrolysis residue is located slightly below that of the 18-h hydrolysis residue and the reusable cellulose activity was estimated to be about 65% of the initial cellulose activity. These results are a little Fig. 3 Evaluation of cellulase activity remaining in OKP hydrolyzed residues. Recovery rate is defined as the ratio of cellulase activity remaining in OKP hydrolyzed residues to the initial cellulase activity using in hydrolysis of the OKP lower than those shown in Fig. 3 . Although the cellulose content of each hydrolysis was the same, the lignin content of the hydrolysis using the 18-h or 24-h hydrolysis residue was higher than that of the hydrolysis using fresh OKP and cellulase. Thus, more cellulase was adsorbed on lignin in the hydrolysis using the 18-h or 24-h hydrolysis residue. As a result, the glucan hydrolysis rate of the hydrolysis using the 18-h or 24-h hydrolysis residue was lower than that of the hydrolysis using fresh OKP and cellulose.
Evaluation of possibility of cellulase reuse from OKP hydrolyzed residue
Three two-round hydrolysis tests were carried out to evaluate possibility of cellulase reuse from solid hydrolysis residue. The results are shown in Table 2 .
Based on the results of our evaluation of cellulase activity remaining in the OKP hydrolyzed residue in this study (Fig. 3) , the amount of fresh cellulase supplemented in the second round was 9.6 FPU of that of cellulase (32% of initial cellulase, 30 FPU) for Residues 1 and 2, and 10.5 FPU (35% of initial cellulase) for Residue 3. As shown in Table 2 , by supplementing fresh cellulase estimated by the result of evaluation of reusable cellulase activity in the solid residue, the glucan hydrolysis rate in the second round was almost the same as that using fresh cellulase (in the first round of hydrolysis). This showed that cellulase reuse was successfully achieved as estimated by the recovery rate evaluated in this study (Fig. 3) . Thus our proposed method to evaluate cellulase activity in solid residue after enzymatic hydrolysis is efficient for cellulase reuse from solid hydrolysis residue.
3.5 Repeated enzymatic hydrolysis at high substrate concentration with reuse of enzyme remained in the solid residue after hydrolysis
The glucan hydrolysis rate of the first round of hydrolysis for 96 h was 70%. The amount of OKP (OKPadd), Acremonium cellulase (Cadd) and cellulosin GM5 (Hadd) added in each recycle round were determined to be 11.2 g, 48 FPU and 48 mg, respectively. As shown in Fig. 5 , the glucose concentration showed no significant differences In addition, the glucan hydrolysis rate of OKP was over 90% in total because unhydrolyzed cellulose remaining in the solid residue was also recycled and hydrolyzed in the recycle round. Cellulase consumption was 7.5 FPU/g-glucose,
which was about half of that without recycling (16.4 FPU/ g-glucose). The repeated enzymatic hydrolysis with reuse of enzyme remained in the solid residue after hydrolysis was effective both for enzyme recycle and for improvement of glucan hydrolysis rate. For more effective reuse of enzymes, it is necessary to evaluate other activities, such as β-glucosidase activity, CMCase, and hemicellulase activity.
Conclusion
In this study, we proposed a method for evaluating the reusable cellulase activity remaining in the residue of enzymatic hydrolysis. Approximately 70% of cellulase activity remained in the solid residue after 70% of the glucan was hydrolyzed and 22% of cellulase activity still remained in the solid residue after 99% of the glucan was hydrolyzed. The result agreed well with the findings of Lee et al. 4) and Gregg and Saddler 5) . Cellulase reuse from hydrolysis residue was successfully achieved as estimated by the recovery rate of cellulase activity remaining in hydrolysis residue evaluated in this study. In order to examine the application of our proposed method for practical reuse of enzymes remaining in solid residue of enzymatic hydrolysis we carried out the other hydrolysis experiment: repeated enzymatic hydrolysis at high substrate concentration with reuse of enzyme remaining in the solid residue after hydrolysis. The glucose concentration in each recycle round of hydrolysis was almost the same as that in the first round of hydrolysis using fresh enzymes, indicating that enzymes were recovered from the solid residue of enzymatic hydrolysis as we estimated from the recovery rate measured by our proposed method. Thus our proposed method is efficient for evaluating cellulase activity in solid residue after enzymatic hydrolysis.
